Streptomycetes, which belong to the Gram-positive bacteria, produce secondary metabolites and sporulate. The timing of starting the secondary metabolite production and the sporulation depends on environmental conditions such as nitrogen and carbon sources. In order to obtain a tool for understanding the regulation mechanism, we carried out screening for chemical substances that induce secondary metabolism and sporulation in streptomycetes and found an active substance from the culture broth of Streptomyces sp. TP-A0584. This substance designated goadsporin promoted the formation of red pigment and sporulation at a concentration of 1 jim in Streptomyces lividans TK23 which does not produce the pigment under normal growth conditions. Goadsporin is an oligopeptide consisting of 19 amino acids with the molecular formula C72H97N19O20S2. Sporulation and/or secondary metabolite production was induced in 36 streptomycetes strains among 42 strains tested. These results suggest that goadsporin acts on a common regulation pathwayfor sporulation and secondary metabolism in streptomycetes and can be a powerful tool to analyze the regulation mechanism.
Streptomycetes, which belong to the Gram-positive bacteria, produce secondary metabolites and sporulate. The timing of starting the secondary metabolite production and the sporulation depends on environmental conditions such as nitrogen and carbon sources. In order to obtain a tool for understanding the regulation mechanism, we carried out screening for chemical substances that induce secondary metabolism and sporulation in streptomycetes and found an active substance from the culture broth of Streptomyces sp. TP-A0584. This substance designated goadsporin promoted the formation of red pigment and sporulation at a concentration of 1 jim in Streptomyces lividans TK23 which does not produce the pigment under normal growth conditions. Goadsporin is an oligopeptide consisting of 19 amino acids with the molecular formula C72H97N19O20S2. Sporulation and/or secondary metabolite production was induced in 36 streptomycetes strains among 42 strains tested. These results suggest that goadsporin acts on a common regulation pathwayfor sporulation and secondary metabolism in streptomycetes and can be a powerful tool to analyze the regulation mechanism.
A number of antibiotics and other bioactive molecules with a variety of chemical structures have been found from actinomycetes as their secondary metabolites. Owingto this diversity, extensive screening for bioactive compounds from actinomycetes has been conducted, aiming at pharmaceutical usage. In screening of soil-derived actinomycetes, it is widely recognized that growth conditions influence the production of secondary metabolites because actinomycetes regulate secondary metabolism and morphogenesis in response to environmental conditions.
In industrial fermentation, physical and chemical conditions such as temperature, aeration and medium composition are strictly controlled to gain the maximumproductivity.
In recent years, molecular microbiological studies have disclosed commonregulation systems for secondary metabolism and cell differentiation in streptomycetes1'2F or example, in Streptomyces griseus, Streptomyces virginiae and Streptomyces coelicolor A3(2), low molecular-weight substances containing a butyrolactone serve as chemical signal molecules or microbial hormones for secondary metabolism and/or cellular differentiation3'4Î n addition, eukaryotic protein kinases5) and sigma cascades6) are shownto exist as common componentsin the regulatory pathway.
S. lividans is known to possess a complete set of the biosynthetic genes for actinorhodin, a red pigment, although it dose not produce the pigment under conventional growth conditions. Interestingly, it is reported that the afsR gene that was cloned from S. coelicolor A3 (2) stimulates actinorhodin production in S. lividans1^. This result shows that S. lividans has the potential to produce VOL.54 NO. 12 THE JOURNAL OF ANTIBIOTICS actinorhodin under specific conditions while the production is repressed under usual conditions. There are several reports on small molecules that induce the secondary metabolism and/or cell differentiation in streptomycetes.
A-factor, the most well known butyrolactone, induces streptomycin production, streptomycin resistance, yellow pigment production and aerial myceliumformation at a concentration of less than 1 nMin S. griseus*~l0\ Virginia butanolide and IM-2, other butyrolactones, induce the production of virginiamycin in S. virginiae, and those of showdomycin and minimycin in S. lavendulae, respectively11>12 induces aerial mycelium formation at 0.1^g/paper disc in its producing strain, but the activity is observed only with the producing strain.
To date there is no-.report on substances that induce secondary metabolism and morphogenesis in a wide range of Streptomyces species although the presence of a common regulatory system is suggested in streptomycetes. In this paper, our successful screening for such inducer from soil-derived actinomycetes, and the purification, characterization and biological activity of the novel inducer, goadsporin, are described.
Materials and Methods

Media and Strains
The production culture for actinomycetes was A-3M Department of Agriculture, Peoria, IL.
Sample Preparation for Paper Disc Diffusion Assay
Actinomycete strains isolated from soil samples collected in Kosugi-machi, Toyama prefecture, Japan, were used for screening. The isolated strains were inoculated into 500-ml K-l flasks containing 100ml of V-22 medium. After incubation at 30°C for 4 days on a rotary shaker at 200 rpm, 5-ml aliquots of this seed culture were transferred into 500-ml K-l flasks, each containing 100ml of A-3M medium. The fermentation was carried out at 30°C for 7 days on the same rotary shaker. The culture broth was extracted with 100ml of?z-butanol, and the extract was subjected to the screening assay.
Assay Procedure for Secondary Metabolism and
Sporulation Promoter
Nutrient broth soft agar containing 10 spores of S. lividans TK23 was overlaid on Bennett's agar plates, nButanol extracts described above were absorbed in paper discs (diameter: 10mm), and the discs dried, placed on the plates and incubated at 30°C. Pigment production and cell differentiation around the paper disc were observed every 24 hours. Spore suspension was prepared according to the procedure reported by D. A. Hopwoodet al.l5\ i
Purification of Goadsporin / The paper disc diffusion assay described above was used to detect the active fractions. The amount and purity of goadsporin was estimated by HPLCanalysis as described below.
( i ) Fermentation: Streptomyces sp. TP-A0584 was inoculated into 500-ml K-l flasks containing 100ml of V-22 medium. After incubation at 30°C for 2 days on a rotary shaker at 200rpm, 5-ml aliquots of the seed culture were transferred into one hundred 500-ml K-l flasks, each containing 100 ml ofA-3M medium. The fermentation was carried out at 30°C for 4 days.
( i i ) Diaion HP-20 column chromatography: The cultured broth (10 liters) was centrifuged at; 5000X# for 10 The arrow shows a peak of the active compound. Sample preparation and HPLCcondition are described in Materials and Methods. The elution was performed with a linear gradient as indicated on the right-hand scale. The photos show the sporulation induction assay on S. lividans for each fraction samples. fractions containing active material were pooled and evaporated in vacuo. The resultant aqueous layer was extracted with ethyl acetate. The organic layer was dried over anhydrous Na2SO4and concentrated in vacuo to give pure goadsporin (3 16 mg).
HPLCAnalysis
HPLCanalysis was performed with a HP1090 (Hewlett Packard, CA) system using a C18 Rainin microsorb column (3 /mi, 100X4.6mm, i.d.; Rainin Instrument Co., MA). The sample was eluted at a flow rate of 1.2ml/minute with a gradient of acetonitrile -0.15% KH2PO4 (pH 3.5), detecting at 254nm. The gradient diagram is shown in Fig. 1 .
Antimicrobial Assay
The minimuminhibitory concentrations against bacteria and yeasts were determined by the 2-fold serial dilution method in heart infusion broth or Yeast morphology broth (Difco Lab.) as previously described16).
Color Photographs Color photographsfor this article are on the internet web site : http ://www.pu-toyama.ac.jp/BR/hibari/goadsporin.html.
Results and Discussions
Screening for Inducers of Secondary Metabolism and Morphogenesis
Fermentation broths of 405 actinomycetes strains isolated from soil samples were subjected to the induction test for pigment production in S. lividans TK23. A spore suspension of S. lividans TK23 was mixed with Nutrient Broth soft agar, and ca. 108 spores were plated on a Bennett's agar plate. Actinomycetes were cultured in A-3M mediumwhich contains Diaion HP-20 resin and the culture broth was extracted with rc-butanol. Some reports show that the addition of HP-20 results in a increase of secondary metabolites production17), therefore we always added HP-20 resin to prepare screening samples. The extracts were assayed, and Streptomyces sp. TP-A0584 was found to produce a substance that promotes the formation of diffusible red pigment, aerial hyphae and sporulation in S. lividans TK.23. The ft-butanol extract of Streptomyces sp. TP-A0584 was concentrated in vacuo, and the residue was fractionated by HPLC. The fractions were assayed in the induction test, and the activity was found to coincide with the peak at 18 minutes (Fig. 1 ). An extraction test indicated that the active compoundis adsorbed or accumulated in the harvested DEC. 2001 cells and is not detected in butanol extracts from cell free broth, that is, not released into the culture medium. Its accumulation reaches a maximumin 6 days (data not shown).
Fermentation and Purification of Goadsporin Production fermentation was carried out for 6 days and the cultured cells were collected by centrifugation. The cells were extracted with an equal volume of 80%aqueous acetone, and the extract was purified by a series of column chromatographies: HP-20 adsorption resin, silica gel, LH-20 gel filtration and reversed phase silica gel. A yield of 316mg of pure active compound was obtained from 10 liters of culture broth. The purity was confirmed by HPLC and NMRanalysis. This compound, designated goadsporin, was named after its ability to stimulate (goad) sporulation.
As shown in Fig. 2A (color fig.: http://www.putoyama.ac.jp/BR/hibari/fig2.html), ring-shaped zones of sporulation and pigment production were observed around the paper disc containing goadsporin. This figure shows the goadsporin concentration dependency on the precocious induction of sporulation and the red pigment formation.
The spore formation in the gray zone was confirmed by electron microscopy analysis (data not shown). Induction of actinorhodin production by goadsporin was examined in Bennett's liquid medium (Fig. 2B) . The production of the pigment was observed in the presence of goadsporin but not in its absence and was dose-dependent at less than 1.8/iM. The growth of S. lividans was inhibited at the higher concentration. This result agrees with the formation of a ring-shaped zone of pigment and the inhibition zone near the paper disc on the solid agar ( Fig. 2A ).
Goadsporin Is a Chemically and Biologically Novel Compound
The structure of goadsporin (Fig. 3) was determined by the analysis of NMR and mass spectra. The molecular formula of goadsporin is C72H97N19O20S2 (monoisotopic MW 1611.66).
Goadsporin is a linear oligopeptide containing nineteen amino acids, six of which are cyclized to form four oxazole and two thiazole rings. Most of the amino acids in goadsporin are hydrophobic. The TVterminus is acetylated while the C-terminus is a free carboxylic acid. A database search of the structure using The Chemical Abstracts file resulted in finding no coincidence with knownclasses of natural products. The structure determination of goadsporin will be reported in the accompanying paper18). The database search found no (A) Photographs were taken after 4 days of growth on Bennett's agar medium. Goadsporin 6nmol (ca. 10fig), was absorbed on paper discs. Left: a photograph of the surface of the plate. Aerial mycelium formation was observed in the white ring zone, and spore formation was observed in the gray zone inside of the white zone. Right: a photograph of the reverse side of the plate. Red pigment production was observed around the paper disc. (B) Actinorhodin production in Bennett's liquid medium containing various concentrations of goadsporin. Production after 4 days growth (black) and 6 days growth (grey) was determined by following A615 of the culture broth at pH12.
analogous compounds ever reported, suggesting that goadsporin is a compound specifically active against streptomycetes. In fact, goadsporin did not show any antibiotic activity against non-streptomycetes and no cytotoxic activity, protein kinase C phospholylation inhibition or apoptosis induction in mammalian cells (data not shown). Thus, the molecular target of goadsporin is apparently a specific one in streptomycetes but not common to other organisms such as DNA, protein kinases or ribosomes. Goadsporin Promotes Morphogenesis in a Wide Variety of Streptomycetes Induction of secondary metabolismand sporulation was examinedwith 42 streptomycetes strains randomlyselected from the stock strains in our laboratory. Amongthe 42 strains, at 10/ig/paper disc, sporulation was induced in 32 strains (76%) around the disc (Fig. 4A, B, C, D, F , G, J, K, L or http://www.pu-toyama.ac.jp/BR/hibari/fig4.html), pigment production was promoted in 20 strains (48%) and growth inhibition was observed at the high concentration in 32 strains (76%). It is obvious that the sporulation was induced in some range of goadsporin concentration because the spore formation was observed as a ring-shaped zone around the paper disc. In addition, growth inhibition was caused by goadsporin at high concentration in streptomycetes that respond to goadsporin by sporulating. suggestingthe presence of common regulation components for them and the possible involvement of goadsporin.
Goadsporin Promotes Secondary Metabolism in Streptomycetes
Since goadsporin promoted the pigment production in S. lividans, it was also expected to induce antibiotic production in other streptomycetes. Thirty eight randomly selected actinomycete strains were tested in the induction assay. The test strains were inoculated in lines on Bennett's agar plates and paper discs containing goadsporin were plated on the centers of the lines. After incubation for several days, NB soft agar containing Bacillus subtilis ATCC6633was overlaid and inhibition zones observed. An unidentified actinomycete TP-A0593 was found to produce an antibiotic against B. subtilis around the paper disc (Fig. (A) A photograph was taken after Bacillus subtilis ATCC6633 was overlaid on Bennett's agar medium. Six nmol (ca. 10jug) ofgoadsporin was absorbed on a paper disc, placed on a line of strain TP-A0593 and incubated 4 days. The inhibition zone was observed near the paper disc depending on amounts of diffused goadsporin. (B) A photograph of the paper disc diffusion assay against B. subtilis. Paper discs contained the culture broth of strain TP-A0593 cultivated for 8 days in the presence of 18/iM goadsporin (left) or in its absence (right). An inhibition zone was observed aroundthe paper disc containing the broth cultured in the presence of goadsporin (left).
5A). In addition, TP-A0593strain was shown to produce the antibiotic when fermented in Bennett's liquid medium in the presence of 18^Mgoadsporin. After cultivation for 8 days, the culture broth was tested using paper disc diffusion assay against B. subtilis, and it was confirmed that the production of antibiotic was induced by goadsporin (Fig.   5B ). .
Antibiotic Activity of Goadsporin
The antibiotic activity of goadsporin was examined (Table 2) . It showed growth inhibition against Streptomyces, but not against the other microorganisms at 60^m.
S. scabies, the cause of potato scab, is often found in potato growing areas and causes considerable economic loss in the world. It should be noted that goadsporin has potential utility as an agrochemical for potato scab.
Goadsporin Does Not Have Any Biological Activity Against Its Producing Strain
Interestingly, goadsporin did not induce the precocious spore and pigment formation in the goadsporin-producing strain, Streptomyces sp. TP-A0584, when it was added to 
